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SUMMARY 

The  room  temperature  tensile  strengths  of  chemically  vapor  deposited  SCS-6  silicon  carbide  fibers  were 
measured  after  1  to  400  hr  heat-treatments  in  0.1  MPa  argon  at  temperatures  to  2100  °C.  The  fibers  heat  treated  for 
1  hr  above  1400  °C  and  those  heat  treated  for  400  hr  above  1300  °C  showed  strength  degradation.  Scanning  and 
transmission  electron  microscopic  examination  of  the  degraded  fibers  showed  formation  of  a  recrystallization  region 
within  the  outer  zone  of  the  SiC  sheath  and  the  growth  of  SiC  particles  in  the  carbon-rich  surface  coating.  The  acti¬ 
vation  energies  for  the  growth  of  the  recrystallization  region  and  the  SiC  particles  were  -370  and  -320  kJ/mole, 
respectively.  Tensile  strength  of  the  fibers  was  found  to  vary  as  an  inverse  function  of  the  recrystallized  zone 
thickness. 


INTRODUCTION 

Silicon  carbide  fibers  fabricated  by  a  chemical  vapor  deposition  method  (CVD)  have  been  used  as  a  rein¬ 
forcement  for  both  metal  and  ceramic  matrix  composites.  One  type  of  CVD  SiC  fiber  that  has  been  quite  extensively 
used  for  composite  fabrication  is  the  SCS-6  fiber  manufactured  by  Textron  Specialty  Materials,  Lowell,  Massachu¬ 
setts.  This  fiber  offers  several  advantages  over  other  commercially  available  SiC  fibers  manufactured  by  polymer 
pyrolysis,  namely  high  as-fabricated  strength,  modulus,  chemical  purity,  and  the  availability  with  a  pyrolytic 
carbon-rich  surface  coating. 

A  schematic  diagram  of  a  typical  fiber  cross-section  is  shown  in  figure  1(a).  The  fiber  is  grown  to  a  diam¬ 
eter  of  -140  pm  by  depositing  SiC  onto  a  heated  37  pm  diameter  pyrolytic  graphite  coated  carbon  core.  The  SiC 
sheath  has  four  distinct  zones.  The  three  inner  zones  (Regions  C,  D,  and  E)  consist  of  carbon-rich  p-SiC  grains  hav¬ 
ing  slightly  different  aspect  ratio  and  orientation,  while  the  outer  zone  (Region  B)  contained  nearly  stoichiometric 
P-SiC  grains  (refs.  1  and  2).  An  approximately  3  pm  thick  complex  carbon-rich  coating  (Region  A)  is  also  deposited 
on  top  of  the  SiC  sheath  for  several  purposes:  to  protect  the  fiber  from  surface  damage,  to  serve  as  a  sacrificial  layer 
in  titanium  matrix  composites,  and  to  provide  a  weak  interface  for  matrix  crack  deflection  in  some  ceramic  matrix 
composites.  The  approximate  composition  of  this  surface  coating  is  shown  in  figure  1(b).  The  carbon-rich  surface 
coating  contains  SiC  particles  whose  size  and  distribution  varies  depending  on  the  location  within  the  coating 
(refs.  1  and  2). 

It  has  been  shown  previously  by  Bhatt  and  Hull  (ref.  3)  that  the  SCS-6  fiber  retains  its  as-fabricated  room 
temperature  tensile  strength  after  1  hr  exposure  in  N2,  Ar,  and  vacuum  environments  at  temperatures  to  1400  °C. 
Beyond  this  temperature,  the  fiber  showed  strength  degradation  which  is  related  to  growth  of  SiC  grains  in  the  outer 
zone  (Region  B)  of  the  SiC  fibers.  However,  long  term  heat  treatment  effects  on  the  microstructure  and  strength 
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stability  have  not  been  fully  investigated.  Since  fiber  properties  play  a  dominant  role  in  controlling  composite  prop¬ 
erties,  knowledge  of  the  stability  range  and  the  mechanism  of  fiber  degradation  are  required  for  designing  fiber- 
reinforced  ceramic  matrix  composites  for  advanced  heat  engine  applications.  This  study  had  a  two-fold  objective: 
first,  from  a  basic  point  of  view,  to  study  degradation  behavior  of  SCS-6  fibers  in  an  argon  environment  and  relate 
tensile  strength  to  recrystallization  mechanisms;  second,  from  a  practical  point  of  view,  to  determine  long  term 
strength  stability  and  the  upper  use  temperature  for  this  fiber. 


EXPERIMENTAL 
Heat  treatment 

For  heat- treatments,  batches  of  twenty-five  individual  SCS-6  fibers  of  length  125  mm  were  placed  in 
grafoil  envelopes  and  loaded  into  a  graphite  furnace.  The  graphite  elements  and  grafoil  envelope  were  used  to  avoid 
possible  oxidation  of  the  fiber  surface  coating  as  the  argon  gas  contained  -3  ppm  of  oxygen.  The  fibers  were  heat- 
treated  under  0.1  MPa  argon  pressure  from  1200  to  2100  °C  at  200  °C  intervals  for  1, 10, 100, 200,  and  400  hr. 


Testing 

The  heat  treated  fibers  were  prepared  for  tensile  testing  at  room  temperature  by  forming  aluminum  foil 
clamps  at  their  ends,  leaving  50  mm  as  the  gauge  length.  The  aluminum  foils  were  inserted  in  pneumatic  grips,  and 
the  fiber  specimens  were  pulled  to  failure  using  a  tensile  testing  machine  at  a  constant  cross  head  speed  of  1.3  mm/ 
min.  For  each  heat-treatment,  the  tensile  strength  of  ten  to  twenty  fibers  was  measured. 


X-ray  Diffraction 

To  determine  phase  stability,  heat  treated  fibers  were  analyzed  by  x-ray  diffraction  (XRD).  The  XRD  runs 
were  made  at  a  scanning  speed  of  1  deg/min  using  standard  equipment  with  a  Ni  filter  and  Cu  K  radiation. 


Microstructural  Characterization 

For  microstructural  characterization,  ~2  cm  long  fibers,  both  as-received  and  heat-treated,  were  embedded 
in  an  epoxy  mold.  The  mold  was  ground  on  diamond  impregnated  metal  discs  and  then  polished  on  a  vibratory 
polisher  using  microcloth  and  0.03  pm  diamond  slurry.  The  polished  specimens  were  etched  with  Murakami’s 
reagent  or  with  a  fluorocarbon  plasma  to  delineate  the  grain  boundaries.  A  plasma  etching  technique  similar  to  that 
described  in  reference  4  was  used.  Etched  specimens  were  sputter  coated  with  10  nm  of  palladium,  and  then  exam¬ 
ined  in  a  scanning  electron  microscope  equipped  with  an  energy  dispersive  x-ray  spectrometer  (XEDS). 


Transmission  Electron  Microscopy  (TEM) 

For  TEM,  fibers  were  cast  and  vacuum  degasssed  in  a  mixture  of  epoxy  and  6  pm  alumina  powder  in  a  3  mm 
diameter  by  20  mm  long  brass  tube.  After  the  mixture  hardened,  ~1  mm  thick  disks  were  sectioned  using  a  diamond 
saw.  The  disks  were  mechanically  ground  from  both  sides,  dimpled,  and  ion-beam  thinned.  Details  of  the  specimen 
preparation  technique  are  described  elsewhere  (ref.  5).  For  conventional  and  analytical  TEM,  a  Phillips  Model  400T, 
operating  at  120  kV  was  used. 
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RESULTS 


Strength  After  Exposure 

The  room- temperature  tensile  strength  results  for  SCS-6  fibers  in  the  as-received  condition  and  after  heat- 
treatment  in  0.1  MPa  argon  for  1, 10,  100,  200,  and  400  hr  at  temperatures  to  2100  °C  are  shown  in  figure  2.  Each 
data  point  represents  an  average  of  ten  to  fifteen  individual  tests,  and  the  error  bars  cover  ±1  standard  deviation. 
Figure  2  shows  that  the  as-fabricated  tensile  strength  value  of  4.0  GPa  was  maintained  after  1  hr  heat-treatment  at 
1400  °C.  Beyond  this  temperature,  the  strength  decreased  continuously  with  increasing  temperature  up  to  1800  °C 
and,  then  appeared  to  reach  a  plateau.  The  strength  generally  decreased  with  increasing  time  of  exposure,  but  the 
heat  treatment  temperature  had  a  greater  influence  on  the  strength  degradation  than  the  time  of  exposure.  The  tem¬ 
perature  at  which  strength  degradation  initiated  also  depended  on  the  exposure  time.  For  example,  the  fibers  heat 
treated  for  400  hrs  at  T  <  1300  °C  retain  their  strength,  whereas  strength  degrades  in  1  hr  if  the  temperature  is  raised 
above  1400  °C. 

To  determine  the  influence  of  heat  treatment  on  growth  related  residual  strain  and  microstructure,  and  to 
determine  the  flaw  population  responsible  for  fiber  failure,  x-ray  analysis,  microstructural  characterization,  and 
fracto-graphy  were  performed.  X-ray  diffractometer  traces  of  the  heat-treated  fibers  revealed  sharpening  of  the  dif¬ 
fraction  peaks  with  increasing  temperature  of  exposure  above  1400  °C  (fig.  3).  The  crystal  structure  of  the  fiber 
remained  P-SiC  at  temperatures  to  2000  °C,  and  at  2100  °C,  partial  transformation  to  a-SiC  was  noticed.  The  sharp¬ 
ening  of  diffraction  peaks  suggests  annealing  of  lattice  strains,  or  grain  coarsening. 

In  most  cases,  the  as-received  fibers,  and  the  fibers  heat  treated  up  to  1500  °C  broke  into  multiple  pieces 
upon  tensile  testing.  Therefore  unequivocal  identification  of  the  critical  flaw  responsible  for  the  primary  fracture 
became  difficult.  However,  ffactographic  analysis  of  some  of  the  retained  primary  fracture  surfaces  indicates  that  the 
as-fabricated  SCS-6  fibers  failed  from  a  flaw  at  the  core/sheath  boundaiy,  and  those  fibers  heat-treated  at  1700  °C 
for  1  hr  failed  from  a  flaw  closer  to  the  outer  surface  of  Region  B  of  the  SiC  sheath  (fig.  4).  But  the  nature  of  the 
flaw  could  not  be  determined  even  at  high  magnification. 

Figure  5  shows  SEM  photographs  of  the  cross-sections  of  the  as-received  SCS-6  fibers  and  those  heat 
treated  at  1600, 1700  and  1800  °C  for  1  hr,  and  1400  °C  for  400  hr  for  in  0.1  MPa  argon.  According  to  this  figure,  at 
1600  °C,  a  reaction  zone  (appears  as  relatively  smoother  zone  in  the  photographs)  is  observed  at  the  interface  of  the 
carbon-rich  surface  coating  and  the  outer  zone  of  the  fiber  containing  near- stoichiometric  SiC  grains.  The  graininess 
seen  on  the  left  side  of  the  reaction  zone  is  due  to  differential  removal  of  material  during  plasma  etching.  With 
increasing  temperature  of  exposure  and  time,  the  reaction  zone  thickness  increased.  At  1800  °C  and  above  exagger¬ 
ated  grains  started  growing  from  the  reaction  zone.  At  2000  °C,  nearly  90  percent  of  the  outer  zone  (Region  B)  was 
covered  with  exaggerated  grains. 

The  effect  of  heat  treatment  on  the  microstructure  of  four  major  zones  of  the  fiber  namely,  the  carbon  core, 
carbon-rich  SiC  zone,  near  stoichiometric  SiC  zone,  and  carbon-rich  surface  coating  was  analyzed  using  a  TEM. 

The  carbon  core  retained  its  turbostratic  structure  at  all  exposure  conditions  used  in  the  current  study.  In  the  as- 
received  condition,  the  carbon-rich  SiC  zones — -Regions  C,  D,  and  E  in  figure  1 — contained  SiC  columnar  grains 
extending  in  the  radial  direction  with  <1 1 1>  preferred  orientation.  Upon  heat  treatment  at  temperatures  above 
1600  °C,  the  SiC  grains  in  these  zones  showed  slight  spheroidization,  and  the  excess  carbon  present  around  the  SiC 
grains  redistributed  (fig.  6).  But  these  zones  appeared  to  resist  recrystallization  and  grain  growth  even  after  heat 
treatment  to  2100  °C. 

On  the  other  hand,  most  of  the  microstructural  changes  were  observed  in  the  near-stoichiometric  SiC  zone 
(Region  B)  and  the  carbon-rich  surface  coating  (Region  A).  With  increasing  heat  treatment  temperature  above 
1400  °C,  the  recrystallization  of  SiC  grains  initiated  at  the  interface  between  the  carbon-rich  surface  coating  and  the 
SiC  sheath  containing  near  stoichiometric  SiC  grains  (This  layer  corresponds  to  the  relatively  smoother  zone  seen  in 
figure  5).  The  recrystallized  region  grew  radially  inward  towards  the  core  with  increasing  time  of  exposure  at  a 
given  temperature  (fig.  5).  At  the  boundaries  of  the  recrystallized  grains  small  pores  of  size  -50  nm  were  noticed 
(fig.  7).  With  increasing  recrystallized  zone  thickness,  however,  the  average  pore  size  remained  nearly  the  same.  The 
recrystallized  grains  exhibited  a  more  random  crystallographic  orientation  than  the  {111}  oriented  as -grown  grains. 
Apart  from  pores,  silicide  particles  were  also  seen  at  the  boundary  between  the  recrystallized  and  unrecry stallized 
region  of  the  fibers  heat-treated  above  1700  °C.  XEDS  analysis  showed  that  these  particles  are  complex  silicides  of 
Fe,  Cr,  Ni,  and  Ti  (fig.  8). 
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The  carbon-rich  surface  coating  of  the  as-produced  fiber  contained  a  fine  dispersion  of  SiC  particles  in  the 
turbostratic  carbon  matrix  (fig.  9(a)).  Because  the  outer  region  of  the  coating  thinned  faster  than  the  inner  region 
during  ion  milling,  the  effect  of  heat  treatment  on  this  region  of  the  coating  could  not  always  be  analyzed.  The  SiC 
particles  closer  to  the  SiC  sheath  were  found  to  coarsen  during  heat  treatment.  A  typical  microstructure  of  the  coat¬ 
ing  on  a  fiber  heat  treated  at  1800  °C  for  1  hr  is  shown  in  figure  9  (b). 


KINETICS  OF  RECRYSTALLIZATION  ZONE  GROWTH  AND  STRENGTH  DEGRADATION 

The  effect  of  heat  treatment  on  the  thickness  of  recrystallized  region  of  the  outer  zone  of  the  SiC  sheath 
was  measured,  and  the  results  are  presented  in  table  I.  Each  value  and  its  associated  ±1  standard  deviation  represents 
an  average  of  at  least  twenty  individual  measurements.  Figure  10  shows  plots  of  the  square  of  the  recrystallization 
zone  thickness,  h2  versus  exposure  time,  t,  for  the  fibers  heat  treated  at  different  temperatures.  This  plot  yields  a 
series  of  straight  lines  suggesting  that  growth  of  the  recrystallization  zone  follows  parabolic  rate  kinetics;  that  is, 
h2  =  Kh  t,  where  Kh  is  the  growth  rate  parameter.  Typically,  the  amount  of  recrystallization  as  a  function  of  time  for 
a  given  temperature  should  yield  a  sigmoidal  curve.  In  the  present  case  however,  only  5  to  7  percent  of  the  near- 
stoichiometric  SiC  zone  (Region  B)  recrystallizes  before  exhibiting  exaggerated  grain  growth.  Therefore,  we  ana¬ 
lyzed  the  kinetics  of  early  stages  of  recrystallization  and  in  this  stage  parabolic  rate  kinetics  follows  the  data.  A  plot 
of  the  logarithm  of  the  slopes  of  the  growth  rate  parameter  of  figure  10  as  a  function  of  the  reciprocal  of  the  absolute 
temperature  also  yields  a  straight  line  (fig.  11).  This  suggests  that  zone  growth  is  thermally  activated  and  the  growth 
rate  parameter  obeys  the  relation  Kh  =  K°h  exp'Q^7,  where  Q  is  the  Arhennius  activation  energy  for  growth,  R  is 
the  universal  gas  constant  (8.314  J/mole),  and  T  is  the  absolute  temperature.  From  the  slope  of  the  line  in  the  figure 
1 1,  the  average  activation  energy  for  the  growth  of  the  recrystallization  zone  is  calculated  to  be  -370  kJ/mole. 

Apart  from  the  kinetics  of  the  recrystallization  zone,  the  kinetics  of  SiC  particle  growth  in  the  carbon-rich 
surface  coating  were  also  studied.  In  table  II,  the  average  diameter  and  area  fraction  of  SiC  particles  in  the  as- 
received  condition  and  after  1  hr  exposure  at  1400, 1700  and  1800  °C  are  shown.  Assuming  parabolic  growth,  plots 
of  the  square  of  the  particle  diameter,  D2,  versus  exposure  time,  t  and  the  growth  rate  parameter,  KD,  versus  recipro¬ 
cal  of  the  absolute  temperature  are  shown  in  figure  12.  The  calculated  average  activation  energy  for  this  process  is 
-320  kJ/mole. 

To  determine  whether  a  correlation  exists  between  the  fiber  strength  and  the  recrystallization  zone  param¬ 
eter,  the  tensile  strength  of  heat  treated  fibers  is  plotted  against  the  inverse  of  the  square  root  of  the  recrystallization 
zone  thickness  (fig.  13).  Here  it  is  assumed  that  Griffith’s  Law  applies;  that  is  c  =  KIC/(h)1/2  where  a  is  the  fiber 
strength,  Kicis  the  fracture  toughness  of  SiC  sheath,  and  h  is  the  strength  controlling  flaw  size  which  is  assumed  to 
be  equal  to  the  recrystallized  zone  thickness.  The  error  bars  in  both  strength  and  thickness  measurements  in  figure 
13  represent  ±1  standard  deviation.  According  to  this  figure,  the  tensile  strength  of  heat  treated  fibers  remained 
nearly  the  same  up  to  a  recrystallization  zone  thickness  of  0.5  (xm  and  then  it  decreased  with  increasing  recrystalliza¬ 
tion  zone  thickness.  The  slope  of  the  linear  portion  of  the  curve  is  -2.5  MNm-3/2.  This  value  is  similar  to  the  frac¬ 
ture  toughness  values  (2  to  3.5  MNm-3/2)  reported  for  monolithic  SiC  material  (ref.  6). 


DISCUSSION 

The  SCS-6  SiC  fibers  heat  treated  in  argon  showed  microstructural  changes  and  strength  degradation  which 
increased  with  increasing  temperature  and  time  of  exposure  above  1300  °C.  Degradation  appears  to  be  intrinsic  and 
starts  from  a  flaw  closer  to  the  outside  surface  of  Region  B  -  at  the  SiC/carbon-rich  coating  interface  where  recrys¬ 
tallization  of  SiC  grains  was  also  observed.  From  the  knowledge  of  the  manufacturing  method,  microstructure,  and 
heat  treatment  conditions  of  the  fiber,  it  is  possible  to  elucidate  the  reasons  for  microstructural  instability  and 
strength  degradation. 

As  discussed  earlier,  the  SCS-6  fiber  consists  of  a  carbon  core,  several  zones  of  SiC  having  slightly  differ¬ 
ent  morphology  and  microstructure,  and  a  carbon-rich  surface  coating.  According  to  the  manufacturer  (ref.  7),  as  the 
SiC  grains  grow  radially  on  the  resistively  heated  carbon  core,  the  electrical  conductivity  of  the  fiber  increases,  thus 
lowering  the  electrical  power  and  deposition  temperature  of  the  outer  SiC  layers.  Typically,  the  temperature  at  the 
top  end  of  the  reactor  where  SiC  grains  are  deposited  on  the  carbon  core  is  -1300  °C,  and  the  temperature  at  the 
lower  end  of  the  reactor  where  the  carbon-rich  coating  is  deposited  on  the  SiC  substrate  is  -1 150  °C  (ref.  7).  Since 
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different  regions  are  deposited  at  different  temperatures,  growth  related  residual  stresses  are  generated  in  the  fiber. 
Near  the  surface  of  the  fiber,  the  residual  stresses  are  compressive  and  their  magnitudes  range  from  0.5  to  1  GPa 
(refs.  8  and  9).  Also,  the  lower  deposition  temperature  of  the  outer  layers  tends  to  produce  silicon-rich  SiC  (ref.  10). 

The  SiC  sheath  in  Region  B  consists  of  fine  grained,  highly  faulted  SiC  grains  having  an  aspect  ratio  rang¬ 
ing  from  5  to  10.  The  fine  grain  size  indicates  relatively  high  grain  boundary  surface  energy.  The  growth  related 
residual  stresses  and  the  grain  boundary  surface  energy  can  be  reduced  when  fibers  are  heated  at  a  temperature 
above  which  diffusion  of  silicon  or  carbon  is  significant.  Indications  of  these  effects  are  observed  from  the  x-ray 
data  apart  from  recrystallization  and  grain  growth  seen  from  the  SEM  and  TEM  results.  Although  recrystallization 
and  grain  growth  changes  the  grain  size  of  the  fibers,  both  of  these  processes  may  not  influence  the  strength  of  fibers 
unless  they  create  flaws  that  are  much  more  severe  and  of  dimension  larger  than  the  pre-existing  flaws  in  the  as- 
produced  fiber.  That  is,  the  strength  of  the  fiber  is  controlled  by  the  largest  flaw  according  to  Griffith’s  failure  crite¬ 
rion  for  brittle  solids.  The  fact  that  the  heat  treated  fibers  can  develop  a  recrystallization  zone  thickness  of  -0.5  pm 
before  showing  any  significant  strength  degradation  suggests  that  up  to  this  thickness,  the  flaws  created  during 
growth  of  the  recrystallization  zone  are  smaller  than  the  intrinsic  flaws  present  in  the  as-produced  fibers.  Close 
examination  of  the  recrystallization  zone  reveals  that  the  controlling  flaws  do  not  appear  to  be  associated  with  the 
recrystallized  grains  but  possibly  with  the  formation  of  a  series  of  voids  in  the  recrystallization  zone,  and  segrega¬ 
tion  of  complex  silicide  particles  of  iron,  nickel,  chromium,  and  titanium  at  the  unrecrystallized  to  recrystallized 
boundary.  Although  the  size  of  these  voids  remains  nearly  the  same  under  the  heat  treatment  conditions  and  is  com¬ 
parable  to  the  size  of  the  recrystallized  grains,  the  fact  that  strength  of  the  fiber  decreases  with  increasing  recrystal¬ 
lization  zone  thickness  indicates  that  the  collection  of  these  voids  may  cumulatively  act  as  a  larger  flaw  of  size 
perhaps  equivalent  to  the  recrystallization  zone  thickness. 

The  reasons  for  the  void  formation  in  the  recrystallization  zone  and  the  segregation  of  silicide  particles  at 
the  boundary  between  the  recrystallized  and  the  unrecrystallized  zones  are  not  clearly  understood.  A  suggested  rea¬ 
son  for  the  void  formation  is  due  to  the  outward  diffusion  of  free  silicon  atoms  from  the  near-stoichiometric  Region 
B  into  the  carbon-rich  surface  coating.  Several  pieces  of  direct  and  indirect  evidence  point  to  the  existence  of  excess 
silicon  in  CVD  SiC  fibers.  The  microprobe  analysis  of  the  cross-section  of  the  as-received  fibers  conducted  in  this 
study  shows  an  increase  in  the  silicon  to  carbon  ratio  when  traversing  from  the  inner  zone  to  outer  zones,  suggesting 
the  presence  of  free  silicon  in  Region  B.  This  conclusion  is  in  agreement  with  the  phase  analysis  results  of 
Martineau  et  al.  (ref.  1 1)  who  found  that  the  inner  zone  generally  contained  a  few  percent  of  excess  carbon,  whereas 
the  outer  zone  was  either  stoichiometric  or  slightly  silicon-rich.  Furthermore,  the  observation  of  hysteresis  in  the 
thermal  expansion  and  contraction  curves  of  the  fiber  between  1370  and  1420  °C,  and  a  close  match  between  the 
activation  energy  for  creep  deformation  of  this  fiber  (ref.  12)  with  that  of  self  diffusion  of  silicon  also  support  the 
existence  of  excess  silicon  in  the  outer  sheath. 

Formation  of  silicides  is  due  to  reaction  of  metallic  impurities  with  SiC  grains  during  heat  treatment.  It  is 
suspected  that  these  metallic  impurities  possibly  come  from  the  methyltrichlorosilane  gas  and  the  stainless  steel 
hardware  used  for  the  CVD  process  (ref.  7). 

Assuming  the  existence  of  excess  silicon  in  CVD  SiC  fibers,  we  can  thus  explain  the  formation  of  voids 
and  strength  degradation.  The  free  silicon  contained  in  Region  B  has  an  equal  probability  of  diffusing  into  the  inner 
carbon-rich  SiC  zones  (Regions  C,  D  and  E)  as  well  as  into  the  carbon-rich  surface  coating  (Region  A).  In  the  early 
stage,  the  free  silicon  diffusing  into  inner  zones  will  possibly  react  with  the  excess  carbon  present  in  these  zones  to 
form  SiC.  However,  continuation  of  this  reaction  is  doubtful  because  this  conversion  is  associated  with  about  a 
90  percent  increase  in  volume.  Unless  this  volume  expansion  is  accommodated,  silicon  and  carbon  reaction  will  not 
continue.  On  the  other  hand,  diffusion  of  free  silicon  through  the  grain  boundaries  of  the  SiC  grains  into  the  carbon- 
rich  coating  is  more  feasible.  This  diffusion  is  possibly  assisted  by  vacancy  or  impurity  diffusion  from  the  carbon- 
rich  surface  coating  into  the  outer  layers  of  Region  B  which  may  also  explain  the  existence  of  silicide  particles  at  the 
unrecrystallized  to  recrystallized  boundary,  and  the  growth  of  the  recrystallization  zone  from  the  interface  of  the 
carbon-rich  surface  coating  and  SiC  substrate. 

Apart  from  the  recrystallization  of  SiC  grains  in  Region  B  of  the  SiC  sheath,  the  carbon-rich  surface  coat¬ 
ing  also  showed  coarsening  of  SiC  particles  upon  heat  treatment.  In  general,  coarsening  of  particles  in  a  matrix  can 
occur  by  three  mechanisms  namely;  Oswald  ripening,  dissolution  and  reprecipitation,  and  surface  diffusion.  Of  the 
three  mechanisms,  the  dissolution  and  reprecipitation  mechanism  may  not  operate  in  the  carbon-rich  surface  coating 
as  this  mechanism  requires  a  liquid  phase  which  is  non  existent  under  the  heat  treatment  conditions  of  the  fibers. 

For  the  system  of  dispersed  particles  of  varying  size  in  a  medium  in  which  they  have  some  solubility, 
particle  coarsening  by  Oswald  ripening  can  occur.  Here  the  smaller  particles  dissolve  and  the  larger  ones  grow.  The 
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driving  force  for  this  mechanism  is  the  reduction  of  interfacial  free  energy.  In  the  silicon-carbon  system,  a  very 
small  amount  of  silicon  is  soluble  in  carbon  below  the  melting  point  of  silicon-  <0.2  atom  %  during  codeposition  of 
CVD  silicon  and  carbon  (ref.  13)  -  and  therefore  the  solubilty  range  of  silicon  in  carbon  is  not  even  shown  in  the 
phase  diagram  (ref.  14). 

Accelerated  coarsening  due  to  surface  diffusion  effects  has  been  reported  (ref.  15)  in  SiC  compacts  that 
were  heat  treated  in  argon  above  1250  °C.  These  compacts  contained  contiguous  submicron  SiC  particles  and  a 
small  amount  (<0.5%)of  carbon.  As  a  result  of  coarsening,  the  compacts  showed  a  reduction  in  surface  area,  but  not 
in  pore  volume.  It  is  also  known  that  during  coarsening,  the  larger  particles  grow  at  the  expense  of  the  smaller  par¬ 
ticles,  but  the  total  volume  or  area  fraction  of  the  particles  remains  the  same  to  maintain  the  mass  balance. 

As  described  earlier,  the  carbon-rich  surface  coating  on  the  as-processed  SCS-6  fibers  contains  well  dis¬ 
persed  SiC  particles  in  a  carbon  matrix.  Upon  heat  treatment  above  1400  °C,  the  diameter  and  the  area  fraction  of 
these  particles  increases  with  increasing  temperature  of  exposure  (cf.  table  II).  In  a  dispersed  system  where  interpar¬ 
ticle  distances  are  far  greater  than  the  particle  diameter,  particle  coarsening  cannot  occur  without  its  dissociation 
followed  by  the  diffusion  of  atomic  species  through  the  matrix.  It  is  known  that  a  silicon  atom  surrounded  by  carbon 
atoms  has  a  greater  affinity  for  the  formation  of  SiC  than  the  diffusion  of  silicon  through  the  carbon  matrix.  There¬ 
fore,  dissociation  of  SiC  particles  and  long  range  diffusion  of  silicon  through  the  carbon  matrix  is  thermodynami¬ 
cally  unfavorable  under  1  atm  argon.  The  fact  that  the  area  fraction  of  the  SiC  particles  increases  with  increasing 
temperature  suggests  that  SiC  particle  coarsening  is  possibly  caused  by  the  silicon  coming  into  the  coating  from  an 
external  source.  One  likely  possibility  is  that  the  free  silicon  from  the  Region  B  diffuses  outward  into  the  coating 
through  the  kernel  boundaries  of  the  SiC  grains,  thus  providing  a  source  of  silicon  for  the  growth  of  SiC  particles  in 
the  carbon-rich  surface  coating  either  by  Oswald  ripening  or  by  a  surface  diffusion  mechanism.  However,  because 
of  the  limited  TEM  data,  it  is  not  clear  which  mechanism  is  the  dominant  one. 

The  kinetic  data  indicate  that  the  activation  energies  for  the  growth  of  the  recrystallization  zone  and  for  the 
coarsening  of  SiC  particles  in  the  carbon-rich  coating  are  -370  and  320  kJ/mole,  respectively.  Nearly  the  same  acti¬ 
vation  energy  value  suggests  that  both  processes  are  probably  controlled  by  the  same  mechanism.  These  values, 
however,  are  significantly  lower  than  the  activation  energy  values  of  600  and  630  kJ/mole  for  lattice  diffusion  of 
silicon  (ref.  16)  and  carbon  (ref.  17),  respectively  in  bulk  SiC  material,  and  the  activation  energy  value  of  494  kJ/ 
mole  for  grain  boundary  diffusion  for  carbon  in  SiC  (ref.  16)  ,and  the  lattice  diffusion  coefficient  value  of  430  kJ/ 
mole  for  silicon  in  silicon  (ref.  18).  This  suggests  that  diffusion  does  not  occur  by  these  intrinsic  processes,  but  oc¬ 
curs  possibly  by  assistance  from  impurity  elements  such  as  iron  and  nickel  which  are  present  in  the  outer  fiber 
layers. 

Although  recrystallization  and  grain  growth  was  prevalent  in  the  outer  zone,  the  inner  zone  which  con¬ 
tained  carbon-rich  silicon  carbide  seemed  to  resist  grain  growth  even  at  temperatures  to  2100  °C.  This  observation  is 
consistent  with  the  general  grain  growth  behavior  of  monolithic  SiC  (ref.  19)  where  carbon  is  known  to  inhibit  grain 
growth,  and  with  high  resolution  TEM  study  of  heat  treated  SCS-6  fibers  by  Ning  et  al.  (ref.  20) . 

It  has  been  stated  earlier  that  the  carbon-rich  surface  coating  on  the  SiC  substrate  is  applied  to  improve  the 
as-produced  strength  of  the  fibers.  This  implies  that  any  factors  affecting  the  surface  coating  should  also  influence 
the  fiber  strength.  Even  though  after  high  temperature  heat  treatment  in  argon  the  fiber  coating  shows  several 
changes,  results  strongly  indicate  that  residual  strength  of  heat  treated  SCS-6  fibers  is  controlled  by  recrystallization 
zone  thickness.  Since  recrystallization  is  a  thermally  activated  process,  the  recrystallization  zone  thickness  and 
hence  the  residual  strength  of  the  fibers  for  any  heat  treatment  condition  can  be  predicted  from  the  time-temperature 
relationship  for  the  growth  of  the  reaction  zone,  and  from  the  strength  to  recrystallization  zone  thickness  plot,  pro¬ 
vided  the  recrystallization  zone  thickness  is  greater  than  0.5  (im.  For  example,  this  calculation  shows  that  to  retain¬ 
ing  a  4  GPa  strength  in  SCS-6  fibers  after  10,000  hr  exposure  in  argon,  the  heat  treatment  temperature  should  not 
exceed  1100  °C. 


SUMMARY  OF  RESULTS 

The  temperature  and  time  effects  on  the  room- temperature  tensile  strength  of  a  CVD  SiC  fiber  (SCS-6) 
exposed  to  0.1  MPa  argon  have  been  determined.  The  important  findings  are  as  follows. 

(a)  The  CVD  SiC  fibers  show  strength  degradation  above  1300  °C  after  400  hr  exposure. 

(b)  Recrystallization  and  grain  growth  of  the  outer  zone  SiC  grains  is  observed  in  fibers  showing  strength  degra¬ 
dation.  Fiber  strength  varies  inversely  with  the  recrystallization  zone  thickness. 
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(c)  Inner  zone  SiC  grains  with  carbon-rich  boundaries  show  greater  resistance  to  recrystallization  than  the  outer 
grains. 

(d)  X-ray  data  show  that  P-SiC  composition  is  stable  to  -2000  °C. 

(e)  The  CVD  SiC  fibers  contain  Fe,  Cr,  Ni,  and  Ti  impurities  which  appear  to  be  confined  to  the  outer  zone  and 
may  play  a  role  in  the  recrystallization  process  and  in  strength  degradation. 

(f)  Using  the  recrystallization  kinetics,  and  the  strength  and  recrystallization  zone  thickness  relationship,  we  pre¬ 
dict  that  the  as-fabricated  strength  of  SCS-6  fibers  can  be  retained  only  up  to  -1 100  °C  after  10,000  hr  exposure  in 
argon  and  under  zero  stress  conditions. 


CONCLUSION 

Current  study  clearly  suggests  that  thermal  stability  of  SCS-6  fibers  is  controlled  by  the  near- stoichiometric 
region.  Upon  high  temperature  exposure  in  argon,  this  region  shows  recrystallization  of  SiC  grains,  growth  of  voids 
and  formation  of  silicide  particles.  All  these  microstructural  changes  are  due  to  diffusion  of  free  silicon  and  impurity 
elements  in  the  outer  layers  of  the  SiC  sheath.  By  eliminating  free  silicon  and  impurities  or  by  processing  CVD  SiC 
with  small  amount  of  carbon  at  the  grain  boundaries  the  thermal  stability  of  CVD  SiC  fibers  should  be  improved. 
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TABLE  I.— SUMMARY  OF  RECRYSTALLIZATION  ZONE  THICKNESS  DATA 
FOR  SCS-6  FIBERS 


Heat  treatment 
temperature, 

K 

Recrystallization  zone  thickness  after  heat  treatment,  pm 

lh 

10  h 

100  h 

200  h 

400  h 

1473 

0.23+0.06 

0.3810.05 

1573 

0.1610.02 

0.2910.04 

0.3610.06 

0.4810.02 

1673 

0.53±0.16 

1.3610.17 

1.5510.17 

2.37±0.16 

1773 

0.7610.11 

1.94+0.23 

1873 

0.82±0.12 

1.5 

— 

1873 

1.29+0.18 

2.1710.19 

TABLE  II.— SUMMARY  OF  SiC  PARTICLE  COARSENING 
DATA  FOR  CARBON-RICH  COATING  OF  SCS-6  FIBER 


Heat  treatment 
temperature, 

K 

Average  SiC  particle 
diameter  after  1  hr 
treatment,  pm 

Area  fraction  of  SiC 
particles,  percent 

298 

0.00710.003 

Not  measured 

1673 

0.01210.006 

210.75 

1973 

0.03810.011 

13+0.5 

2073 

0.05310.02 

15+0.3 
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Regions  Microstructure 

A  Carbon  +  SiC  particles 

(surface  coating) 


B  Near  stoichiometric 

P  SiC  grains 
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E  |  SiC  grains 

F  Pyrolytic  graphite 

coating 


Carbon  (core) 


Figure  1  .—(a)  Schematic  showing  CVD  SCS-6  SiC  fiber  cross  section,  (b)  Variation  of  Si/C  ratio  in 
the  carbon-rich  surface  coating. 
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20  pm 


20  pm 


Figure  4. — SEM  photographs  of  SCS-6  fibers  showing  tensile  fracture  origin: 
(a)  As-fabricated;  (b)  Heat-treated  at  1700°C  for  1  hr. 
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Recrystallization  zone 


2  Recrystallization  zone 


Figure  5. — SEM  photographs  of  the  etched  cross-sections  of  SCS-6  fibers  showing  growth  of  a  smooth  zone 
and  grain  growth  in  Region  B.  (a)  As-received;  After  heat-treatment  in  0.1  MPa  argon  at  (b)  1600  °C  (c)  1700  °C 
(d)  1800  °C  for  1  hr,  and  (e)  1400  °C  for  400  hr,  respectively. 
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Figure  6. —  TEM  micrographs  of  the  carbon-rich  SiC  zone  (Region  D);  (a)  As-received;  (b)  After  1  hr 
heat  treatment  in  argon  at  1800  °C. 


Carbon  I—  p-SiC  Carbon-rich  u  z  H  D  °  lK 

(a)  core  coating  ^ 

Figure  8.— (a)  SEM  photograph  of  a  cross-section  of  SCS-6  fiber  heat  treated  for  1  hr  in  argon  at  2000  °C 
showing  particles  in  the  outer  zone,  (b)  XEDS  analysis  of  the  particles.  Palladium  (Pd)  was  deposited  to 
provide  conductivity. 


Figure  1 0.— Growth  of  the  square  of  the  recrystallization  zone 
thickness  with  exposure  time  for  SCS-6  fibers  heat-treated  in 
0.1  MPa  argon. 


1/T,  K-1 


Figure  1 1  .—Variation  of  the  slope  of  the  recrystalliza¬ 
tion  zone  growth  rate  with  reciprocal  absolute 
temperature  for  SCS-6  fibers  heat-treated  in  argon. 
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Figure  12. — Kinetics  of  SiC  particle  coarsening:  (a)  Variation  of  square  of  the  average  SiC  particle  diameter  with 
exposure  time;  (b)  Variation  of  the  slope  of  the  particle  growth  isotherm  with  the  reciprocal  of  absolute  temperature. 


Strength  range  of 
as -received  fibers 


Figure  13. — Variation  of  room  temperature  tensile  strength  with  recrystallization 
zone  thickness  for  SCS-6  fibers  heat-treated  in  argon. 
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